We used H 2 15 O PET to investigate adult age differences in regional cerebral blood flow (rCBF) during the performance of a visual word identification task. The study participants were 20 healthy, right-handed men: 10 young adults between 18 and 27 years of age, and 10 older adults between 63 and 75 years of age. The word identification task comprised six blocks of test trials representing four task conditions; subjects responded manually. The task conditions varied with regard to whether semantic retrieval was required (e.g., word/nonword discrimination vs simple response to each stimulus) and with regard to the difficulty of visual encoding (e.g., words presented normally vs words with asterisks inserted between adjacent letters). Each subject performed all six trial blocks, concurrently with each of six H 2 15 O PET scans. Analyses of quantitative CBF data obtained from the arterial timeactivity curve demonstrated a significant age-related decline in global CBF rate. Analyses of the changes in rCBF between task conditions indicated that retrieval of semantic information sufficient to distinguish words from nonwords is mediated by a ventral occipitotemporal cortical pathway. Specific areas within this pathway were also associated with visual encoding processes. Several rCBF activations were significantly greater for young adults than for older adults, indicating an age-related decline in processing efficiency within this ventral occipitotemporal pathway. Although the performance data demonstrated a greater age-related slowing for visual encoding than for semantic retrieval, these age-related performance changes were not associated with corresponding changes in rCBF activation. r 1996 Academic Press, Inc.
According to a currently prominent perspective, the changes in cognitive function associated with human aging represent a generalized slowing of virtually all aspects of information processing (Birren and Fisher, 1995; Cerella, 1990; Salthouse, 1992 Salthouse, , 1993 . One method of investigating generalized age-related slowing, introduced by Brinley (1965) , involves analyzing the relation between the mean reaction times (RTs) of young and older adults across a series of task conditions. This approach, often referred to as a task complexity analysis, has indicated that, across a wide variety of perceptual and memory tasks, the task condition mean RTs of older adults are a monotonic function of the corresponding means for young adults (Cerella, 1994; Myerson et al., 1990) . That is, the age differences in performance reflect the number or complexity of cognitive operations rather than task-specific processing demands. An agerelated slowing would not only affect the speed of responses, but also could, by limiting the time available for the completion of component stages of processing, lead to decreased accuracy. The extent to which generalized slowing models are successful in characterizing age differences in cognitive functioning, however, is a topic of active debate (Bashore, 1994; Fisk and Fisher, 1994; Myerson et al., 1994) .
In tasks requiring the identification of visually presented words, such as lexical decision (word/nonword discrimination), some exceptions to generalized agerelated slowing have been reported. The magnitude of RT facilitation associated with the presentation of semantically related context, for example, tends not to increase with age to the degree predicted by generalized slowing models (Laver and Burke, 1993; Madden et al., 1993) . Similarly, the familiarity of target words (in terms of their normative frequency in printed text) contributes to the efficiency of identification, yet the effect of word frequency in lexical decision RT has been found to be comparable for young and older adults (Bowles and Poon, 1981; Allen et al., 1993) . Other variables related to visual encoding and response selection, in contrast, appear to differentially affect older adults' word identification performance. Degrading the target stimuli (e.g., by inserting asterisks between adjacent letters) or increasing the difficulty of response selection can lead to a disproportionate slowing of older adults' responses Madden, 1992; Madden et al., 1993) . This pattern of results suggests that, in visual word identification tasks, the relatively peripheral processing stages of visual encoding and response selection are more vulnerable to age-related slowing than the intervening stages involving the activation of semantic information (Allen et al., 1995; Duchek and Balota, 1993) .
Only limited information is currently available regarding the age-related changes in the central nervous system that may underlie the observed changes in cognitive performance. From the postmortem examination of brain tissue, several types of age-related changes in the structure of the brain have been reported, including decrease in total brain mass, decrease in neuronal size, gyral atrophy, widening of sulci, and enlargement of lateral ventricles (Coleman and Flood, 1987; Creasey and Rapoport, 1985; Terry et al., 1987) . Estimates of the degree of regional specificity vary, but changes appear to be most pronounced in the frontal and temporal lobes (Terry et al., 1987) . Examination of age-related neuroanatomical changes in vivo, with magnetic resonance imaging (MRI), is generally consistent with the postmortem studies. An MRI study by Coffey et al. (1992) found a significant age-related reduction in both total and regional cerebral volume, particularly in the frontal lobes. These authors emphasized, however, that the age-related structural changes were usually not significant clinically.
Functional neuroimaging techniques, such as functional MRI and positron emission tomography (PET), are promising methods for identifying the age-related neuroanatomical changes that mediate age differences in cognitive performance. Using PET, several investigators have reported an age-related decline in the regional cerebral metabolic rate for glucose (rCMRglc; Hoffman et al., 1988; Kuhl et al., 1982; Loessner et al., 1995) and regional cerebral blood flow (rCBF; Frackowiak et al., 1980; Leenders et al., 1990; Lenzi et al., 1981; Martin et al., 1991; Pantano et al., 1984) . Evidence for specificity of the age-related decline has also appeared. Kuhl et al. (1982) , Hoffman et al. (1988) , and Loessner et al. (1995) found that the age-related decrease for rCMRglc was particularly pronounced in frontal cortical regions. The frontal cortex was also noted as an area of age-related rCBF decline by Pantano et al. (1984) and Leenders et al. (1990) . An age-related rCBF decrease was observed in several areas of association and limbic cortex by Martin et al. (1991) , and in visual cortex by Lenzi et al. (1981) . All of these studies used resting state measures, in which subjects were not given a specific cognitive task to perform during the PET scan.
PET activation paradigms, in which subjects perform different cognitive or sensory/motor tasks during separate PET scans, are particularly relevant to the issue of age-related changes in cognitive function. By allowing the subtraction of PET images between task conditions, the activation methodology provides information regarding the pattern of functional brain activity associated with specific components of cognitive performance Raichle, 1994; Mazziotta et al., 1985) . Grady et al. (1992 Grady et al. ( , 1994 , using H 2 15 O PET methodology, reported significant age-related changes in rCBF activation for face matching and location matching tasks. These authors found that, relative to passive viewing of the stimuli, face matching led to activation in occipitotemporal cortex; dot location matching led to activation in occipitoparietal cortex. This differential pattern of activation, which is consistent with the separate dorsal (spatial processing) and ventral (identity processing) cortical visual systems proposed by Ungerleider and Mishkin (1982) , was more clearly evident in the young adults' data than in the older adults' data. Additional areas of rCBF activation, outside of the task-specific processing pathways, were more likely to be present for older adults than for young adults. Grady et al. (1994) found that there were more cortical regions associated with age differences for location matching than for face matching, indicating that age-related changes may not be generalized, but instead may be more pronounced for spatial processing than for identity processing. Even within the occipitotemporal pathway active during the face matching task, however, the areas of rCBF increase were different for young and older adults. Young adults exhibited rCBF activation in medial occipital cortex, whereas the activation for older adults was more anterior, in the middle temporal lobe.
The cognitive tasks of Grady et al. (1992 Grady et al. ( , 1994 ) involved the processing of nonverbal stimuli; it would consequently be useful to determine the pattern of age differences in rCBF activation for processing in the verbal domain. In the present experiment, we used H 2 15 O PET to examine adult age differences in rCBF activation during visual word identification. Many PET activation studies of word identification have been conducted with young adult subjects (for reviews, see Demonet et al., 1993; Liotti et al., 1994; Petersen and Fiez, 1993; Raichle, 1994) . The first studies in this area were conducted by Petersen et al. (1988 Petersen et al. ( , 1989 Petersen et al. ( , 1990 ). These authors demonstrated that different component processes of word identification are mediated by specific cortical regions. In the visual modality, the elementary features of words appear to be processed in the lateral extrastriate cortex of both hemispheres. Relative to a fixation point baseline, the passive viewing of words, pronounceable nonwords (e.g., TWEAL), consonant letter strings, and ''false fonts'' similar to letters all led to rCBF activation in lateral extrastriate cortex (Petersen et al., 1990) . Only the presentation of words and pronounceable nonwords, however, was associated with activation in left medial extrastriate cortex. This cortical area consequently appears to be part of a system involved in the discrimination of orthographic regularity (i.e., determination of whether a particular string of letters is potentially a word). When Petersen et al. (1990) used the false font condition as the control task in the subtraction analysis, left inferior prefrontal cortex exhibited increased rCBF for the presentation of words, but not for nonwords. This prefrontal area, apparently involved in some form of analysis of word meaning, was located near the one reported by Petersen et al. (1988 Petersen et al. ( , 1989 to be active during a semantic association (verb generation) task. The pattern of rCBF activation during the processing of verbal items, however, depends on a variety of experimental design variables such stimulus duration and response modality (Howard et al., 1992; Price et al., 1994) , the memory demands of the task Nenov et al., 1994) , and subjects' level of practice (Raichle et al., 1994) .
In the present experiment, young and older adult subjects performed a visual word identification task during the acquisition of rCBF data using H 2 15 O PET. All subjects performed four task conditions, each of which required manual responses to visually presented stimuli. In two of the conditions, each performed during one scan, subjects responded to each of a series of stimuli (either fixation points or words and nonwords), without making a specific discrimination. The other two conditions, each replicated across two scans, involved the discrimination of visually presented words and pronounceable nonwords (i.e., lexical decision). All of the nonwords were pronounceable; to respond correctly in these latter two conditions it was consequently necessary for subjects to retrieve semantic information beyond the level of orthographic regularity. These two conditions differed with regard to the visual quality of the stimuli. Because age-related slowing in lexical decision performance appears to be differentially increased for encoding processes (Madden, 1992) , the stimuli were presented intact in one lexical decision condition and degraded (by the addition of asterisks between adjacent letters) in the other lexical decision condition.
From the subtraction of the PET rCBF images between conditions, we investigated the age differences associated with the initial encoding and semantic retrieval processes for visually presented words. The lexical decision task involves identification rather than spatial location processing, and thus the most probable sites of rCBF activation were the ventral occipitotemporal processing pathway and left inferior prefrontal cortex (Petersen et al., 1990) . On the basis of the Grady et al. (1992 Grady et al. ( , 1994 ) findings, we expected that the activation in medial occipital cortex would be relatively greater for young adults and that older adults would be more likely to exhibit activation outside of the occipitotemporal pathway. In view of the differential agerelated slowing of word/nonword discrimination for visually degraded stimuli (Madden, 1992) , the age difference in rCBF activation was expected to be more pronounced for processes involved in the initial encoding of words than for those involved in the retrieval of semantic information.
MATERIALS AND METHODS
The research procedures were approved by the Institutional Review Board of the Duke University Medical Center, and all subjects gave written informed consent prior to participation.
Subjects
Ten young adult men between 18 and 27 years of age (M 5 22.50, SD 5 3.03) and 10 older adult men between 63 and 75 years of age (M 5 68.20, SD 5 3.91) participated. All subjects were right handed, used English as their first language, and possessed postsecondary school education. Subjects were required to have corrected binocular visual acuity for near distance (40 cm) of 20/40 or better, as assessed by a Keystone Ophthalmic Telebinocular Vision Tester. Subjects were initially screened for significant neurologic, psychiatric, or cardiovascular problems by means of a questionnaire (Christensen et al., 1992) . Subjects who were not excluded on this basis underwent a brief clinical history and neurologic screening examination by a neurologist. The history consisted of questions regarding head trauma, seizures, or other episodes of loss of consciousness, history of transient or permanent neurologic deficits, and information regarding medications. The neurologic screening examination consisted of recitation of a seven-digit numerical sequence, visual field testing by confrontation, testing for abnormalities of motor strength in face and limbs, sensory testing by light touch, and finger-to-nose and rapid alternating movement examination and evaluation for gait abnormalities.
Psychometric tests administered to subjects included the Vocabulary and Digit Symbol Substitution subtests of the Wechsler Adult Intelligence Scale (WAIS; Wechsler, 1981) , the Mini-Mental State Exam (MMSE; Folstein et al., 1975) , and the Beck Depression Inventory (BDI; Beck, 1978) . All subjects scored higher than 28 (out of 30) on the MMSE and lower than 7 (out of 63) on the BDI. Mean raw scores on the WAIS Vocabulary subtest were not significantly different between young adults (M 5 59.20, SD 5 3.36) and older adults (M 5 61.90, SD 5 4.31). The mean raw score on the WAIS Digit Symbol Substitution subtest (a measure of perceptual motor speed) was significantly higher for young adults (M 5 75.30, SD 5 9.32) than for older adults (M 5 57.60, SD 5 9.03), t(18) 5 4.31, P , .001. The pattern of age-related decline in WAIS Digit Symbol and age constancy in WAIS Vocabulary is consistent with previous investigations of age differences in these measures (Salthouse, 1982) .
Prior to PET testing, all subjects underwent MR imaging, which was examined by a neuroradiologist for evidence of significant cerebral atrophy or structural abnormality. Transaxial MRI scans were performed on a General Electric 1.5-T Signa System. Acquisitions were made with 3-mm slice thickness and no interslice gap. T 1 -weighted images had a repetition time (TR) of 600 ms, an echo delay time (TE) of 20 ms, and two excitations (NEX). T 2 -weighted images had a TR of 2500 ms, TEs of 20 and 80 ms, and 1 NEX. For both age groups, exclusion criteria were: any signal abnormality indicating a mass, ventricular enlargement or atrophy atypical for age, flow signal abnormality within intracranial vessels, extraaxial fluid collection, and any focal signal abnormality within caudate, putamen, globus pallidus, thalamus, brain stem, or cerebellum. For young adults, any focal area of hyperintensity on T 2 -weighted images was an exclusion criterion, whereas for older adults, the criterion was the presence of focal supratentorial hyperintense white matter signal abnormalities greater than 3 mm.
Procedure and Stimuli
Subjects completed the experiment in four stages. The first stage (conducted over the telephone) was the health status screening, using the Christensen et al. (1992) questionnaire. In the second stage, subjects performed (in the laboratory) the psychometric tests and a practice version of the word identification task that was used as the PET activation task. The third stage was the neurologic examination and MRI scan. As described in the following section, the two occasions of word identification testing involved different stimulus lists, so that practice would be task-specific rather than item-specific. In the fourth stage, subjects performed the word identification task during the PET scan.
Word identification task. In both the laboratory psychometric testing and the PET testing, the stimuli in the word identification task were presented on a Tangent 386-processor microcomputer and Zenith highresolution video monitor. The Micro Experimental Laboratory Software (Schneider, 1988) was used to program the sequence of word identification task trials. The word and nonword stimuli were presented in white capital letters, against a black background, in the center of the monitor screen. Each of these items subtended 3.44°-5.16°at a viewing distance of 40 cm. In the word identification task performed during the psychometric testing, subjects were seated approximately 40 cm from the monitor screen and responded by using the right hand to press the space bar on the microcomputer keyboard. During the PET testing, the video monitor was secured to a custom-made metal stand that positioned the monitor facing downward, at approximately a 45°angle, which allowed subjects to view the screen while lying supine. Subjects responded in the PET session by pressing a button held in the right hand throughout the scanning period. (It was necessary for one young subject to respond with the left hand during the PET testing.) This response button was connected to the parallel port of the microcomputer. Both the psychometric testing and the PET testing took place in a quiet room with slightly lower than normal ambient illumination. Subjects who usually wore corrective lenses wore them during both versions of the word identification task.
The design of the word identification task is presented in Table 1 . The task contained 432 trials, arranged as six blocks of 72 trials. One fixation point, word, or nonword was presented visually on each trial. There were four task conditions, each of which was presented in a separate trial block. In Condition 1, the trial block contained a series of 72 fixation points (each of which was a single filled character space), and subjects responded to the onset of each fixation point. The other three conditions contained a randomized sequence of 36 words and 36 nonwords. In Condition 2, Note. Each trial block contained 72 trials, and one fixation point, word, or nonword was presented on each trial. Subjects responded manually. The stimuli in Condition 1 were fixation points. The stimuli in each of the other conditions were a randomized sequence of words and pronounceable nonwords. In Conditions 1 and 2, subjects responded to the onset of each stimulus. In Conditions 3 and 4, subjects responded only to the words. The differences of interest between the conditions were: Condition 2 minus Condition 1 (letter encoding without a decision requirement), Condition 3 minus Condition 2 (retrieval of semantic information sufficient to distinguish words and nonwords), and Condition 4 minus Condition 3 (letter encoding during the retrieval of semantic information). subjects responded to the onset of each stimulus regardless of whether it was a word or a nonword. Conditions 3 and 4 both required a lexical decision on each trial. A go/no-go method was used in which subjects responded at the onset of each word and refrained from responding to nonwords. In Condition 3, the words and nonwords were composed of normally arranged capital letters (e.g., TARGET). In Condition 4, each of the word and nonword targets was presented with asterisks between adjacent letters (e.g., T*A*R*G*E*T). There was one trial block each for Conditions 1 and 2, and two trial blocks each for Conditions 3 and 4.
The primary difference between Conditions 1 and 2 is that the latter condition involves the visual registration of letters rather than a single fixation point; no decision was required in either condition. Conditions 2 and 3 both contained the same types of stimuli (words and pronounceable nonwords). The difference between these conditions is that Condition 3 required the retrieval of the semantic information sufficient to determine that a particular letter string was a word. Both Conditions 3 and 4 required the word/nonword discrimination; the difference between these conditions is the additional encoding demands associated with the degraded stimuli in Condition 4. We used this hierarchical design to differentiate visual encoding and semantic retrieval processes, but recognize that the difference between any two task conditions may reflect more than a single cognitive operation (Demonet et al., 1993; .
Each word and nonword occurred exactly once in the sequence of 432 trials. All of the nonwords were pronounceable (e.g., SHART) and were formed by changing one or two letters in actual words. The word stimuli contained three levels of frequency in printed text, as defined by the Standard Frequency Index (SFI; Carroll et al., 1971) . Increasing SFI represents increased frequency of occurrence in printed text. Within each block of trials, 12 of the words possessed SFI values of 30-39 (e.g., GILL), 12 words possessed SFI values of 40-49 (e.g., SPIKE), and 12 words possessed SFI values of 50-59 (e.g., DECK). Each of these sets of 12 words contained four instances of four-, five-, and six-letter words. The 36 nonwords in each block contained 12 instances of four-, five-, and six-letter nonwords.
Subjects performed a complete sequence of six trial blocks during both the psychometric testing and the PET testing. Two lists of 432 trials were constructed that did not contain any of the same stimuli. At each time of testing, half of the subjects in each age group received each list. Each subject received a different list at the psychometric and PET testing sessions. At each time of testing, the order of the trial blocks was counterbalanced such that, across subjects, each of the four task conditions occurred at least once in each of the six positions of the trial block sequence. These different trial block orders also rotated the individual word and nonword stimuli across the task conditions. Within subjects, the two instances of Conditions 3 and 4 were always separated by one of the other task conditions.
Subjects were instructed to respond as quickly as possible while still being correct. At the beginning of each trial block, the experimenter informed the subject of the nature of the upcoming task condition, which was then presented in a continuous sequence of 72 trials. The computer recorded subjects' RT on each trial from the onset of the stimulus, which remained on the screen for a maximum of 2200 ms. The subject's response cleared the screen. To prevent subjects from predicting stimulus onset, there was a random interval between the subject's response on the current trial and the onset of the next trial. Pilot testing indicated that RTs in Conditions 1 and 2 were substantially lower than those in Conditions 3 and 4. To maintain the total time required for each block of trials at approximately 2.5 min, the intertrial interval ranged between 1400 and 2000 ms in Conditions 1 and 2 and between 700 and 1300 ms in Conditions 3 and 4. In Conditions 1 and 2, a trial was counted as an error if no response was made within 2200 ms from stimulus onset. In Conditions 3 and 4, a trial was counted as an error if either no response on a word trial was made within 2200 ms or a response was made on a nonword trial.
Positron emission tomography. For each subject, there were six H 2 15 O PET scans obtained in a single session lasting approximately 2 h. All subjects performed each of the six word identification task blocks concurrently with a separate scan. There were, consequently, one scan each for Conditions 1 and 2 and two scans each for Conditions 3 and 4. The PET scans were acquired with a General Electric 4096-Plus whole body scanner containing eight detector rings (Rota-Kops et al., 1990) . Prior to the emission scans, a 10-min transmission scan was performed using a rotating pin source of 5-10 mCi of 68 Ge. For each emission scan, the radiotracer was administered as an intravenous bolus injection containing approximately 50 mCi of H 2 15 O. Successive scans were separated by 15 min. Data were acquired simultaneously from 15 planes of response (8 direct planes and 7 cross planes) with intrinsic spatial in-plane and axial resolutions of approximately 6 mm full width at half maximum (FWHM). The axial field of view was 10 cm. Reconstruction was performed with filtered back-projection using a 7-mm Hann filter, yielding 128 3 128 pixel images (15 slices) with 2 mm 2 pixels. Data were corrected for random coincidences, attenuation, scattered radiation, and dead time.
At the beginning of the PET scanning session, a small Teflon catheter was placed in the radial artery of the left arm to permit blood sampling. An intravenous catheter was placed in the right arm for radiotracer injection. (For one young subject, it was necessary to use the reverse arrangement of arterial and venous catheters. This subject used his left hand to press the response button.) Head position was aligned with the assistance of a low power laser; head movement was minimized by the use of forehead and chin straps.
At the beginning of each scan, the experimenter informed the subject of the nature of the upcoming task condition and initiated the trial sequence approximately 10 s before radiotracer injection. Presentation of the 72 visual stimuli in each trial block and recording of the subject's responses continued for approximately 2.5 min. Acquisition of 20 sequential scans (5 s each) began at the time of radiotracer injection. Arterial blood sampling was conducted manually; 20 samples of 1-2 ml each were drawn, beginning simultaneously with radiotracer injection. Each blood sample required approximately 3-6 s. The shorter intervals were used at the beginning of the sampling period to estimate the peak of activity as accurately as possible. Following reconstruction of the images, 12 of the scans were chosen for summing, beginning with the first scan for which activity was seen in the brain. The summed image was produced by summation of sinogram data for the selected 12 frames, representing 60 s of acquired data.
Data Analysis
Cortical volume. Volumetric estimates of cortical gray matter, excluding the basal ganglia, were obtained from each subject's MRI. Separate estimates were obtained for the left and right cerebral hemispheres. For each subject, regions including the gray matter and some white matter were outlined manually on each MRI slice. The gray matter threshold for each slice was set at a point between the mean of the gray matter pixel values and the mean of the white matter pixel values. This threshold was determined and applied to each region, resulting in gray matter regions. Isolated pixels were removed in an additional processing step.
Cerebral blood flow. Parametric images of CBF in units of ml/100 g/min were obtained for each subject from the H 2 15 O uptake images and the time-activity curve of the arterial blood samples according to the method of Meyer et al. (1989) . A dispersion time constant of 4 s was fixed in the calculation of the deconvolved input function from the sampled time-activity curves. The difference in arrival times of the bolus at the radial artery and the brain was estimated for each scan. Separate estimates of global CBF were obtained for the cortical gray matter of the left and right cerebral hemispheres as determined on MRI. The PET image data for each subject were registered and resliced to the subject's MRI using a surface-fitting image registration technique (Pelizzari et al., 1989; Turkington et al., 1995) .
The changes in rCBF between the task conditions were analyzed using statistical parametric mapping (SPM; Friston et al., 1995) . The SPM analyses were applied to the quantitative rCBF data. The scans for each subject were realigned using the scan in Condition 1 as a reference. Following realignment, the scans were normalized and transformed into a standard stereotaxic space (Talairach and Tournoux, 1988) . This procedure began with a 12-parameter affine transformation, followed by piecewise (contiguous transverse slices) nonlinear matching, constrained by a set of smooth basis functions (Friston et al., in press ). The spatially normalized images were smoothed with an additional 15 mm FWHM isotropic Gaussian kernel.
To provide an additional anatomical reference for the PET data, each subject's MRI was resliced and registered to the PET image using the image registration technique described previously in this section. The registered MRI data were taken through the stereotaxic normalization with the PET images, and a composite MRI was constructed for the young and older adult groups by summing the images.
In the analysis of the PET data, an analysis of covariance (ANCOVA) was conducted on a voxel by voxel basis to remove the effect of global activity (Friston et al., 1990) . The resulting adjusted rCBF values for each voxel were scaled to a mean of 50 ml/100 g/min. Linear contrasts were constructed for the following three planned subtractions for the adjusted rCBF values: Condition 2 minus Condition 1 (passive encoding of letter features), Condition 3 minus Condition 2 (retrieval of semantic information), and Condition 4 minus Condition 3 (encoding during semantic retrieval). The resulting set of voxel t values for each subtraction constitute the statistical parametric map SPM5t6. The SPM5t6 values were transformed to the unit normal distribution SPM5Z6 and thresholded at 2.33 (or P 5 0.01 uncorrected). The resulting foci were then characterized in terms of the spatial extent (k ) and peak height (u) of local maxima. The local maxima were defined as voxels with Z values greater than all voxels within 8 mm. Significance was estimated using distributional approximations from the theory of Gaussian Fields. This characterization is in terms of the probability that a region of the observed number of voxels or greater would have occurred by chance [P(n max . k )], and the number of voxels of the observed peak height or greater that would be expected by chance [P(Z max . u)]. The estimates were applied to the entire volume analyzed (i.e., a corrected P value). Up to three local maxima are provided for each region.
SPM analyses of each of the three planned subtractions were conducted for the young and older adults separately and for the two age groups combined. The subtractions as described represent rCBF increases in a given condition relative to those in the condition that is subtracted (e.g., Condition 2 minus Condition 1 132 represents the increase in rCBF in Condition 2 relative to that in Condition 1). For each of the three planned subtractions, the contrasts were also reversed to yield the corresponding decreases in rCBF.
For each subtraction, the potential age-related change was assessed by including, in an analysis of the combined subjects' data, two simultaneous linear contrasts: one representing the subtraction of interest and the other representing the difference between the two age groups. The resulting SPM5Z6 map contained those voxels that differed as a joint function of age group and task condition. Because the probability level for each contrast independently was P , 0.01, the probability level for the age difference in each subtraction was P , 0.0001.
RESULTS

Word Identification Performance
The RT data for the word identification task performed during the PET testing are presented in Fig. 1 . An analysis of variance (ANOVA) was first performed on the RT for the word trials in Conditions 2, 3, and 4. Age group was a between-subjects variable; task condition and word frequency (SFI in the 30s, 40s, or 50s) were within-subjects variables. To provide comparability among the three conditions, RTs to nonword targets in Condition 2 were eliminated (i.e., RT data reported for these conditions represents responses to word targets only). Condition 1 was analyzed separately because the word frequency variable was not applicable in this condition.
The ANOVA of Conditions 2, 3, and 4 yielded significant main effects of Age Group, F(1, 18) 5 17.25, P , 0.001, Task Condition, F(2, 36) 5 472.09, P , 0.0001, and Word Frequency, F(2, 36) 5 41.49, P , 0.0001. Mean RT to the word targets was higher for older adults (668 ms) than for young adults (532 ms). Mean RT increased from 282 ms in Condition 2 to 653 and 866 ms in Conditions 3 and 4, respectively. The word frequency effect represents increasing RT as a function of decreasing familiarity of the word targets. Mean RT increased from 571 ms for words in the 50-59 SFI range to 595 and 634 ms for words in the SFI ranges 40-49 and 30-39, respectively.
Two interactions were significant. The first interaction, the Age Group 3 Task Condition interaction, F(2, 36) 5 17.27, P , 0.0001, represents the differential increase of the older adults' RTs to degraded word targets. The Age Group 3 Task Condition interaction was not significant for Conditions 2 and 3 considered separately. The increase in RT for word targets in Condition 3, relative to that in Condition 2, was 344 ms for the young adults and 397 ms for the older adults. The Age Group 3 Task Condition interaction was significant, F(1, 18) 5 32.30, P , 0.0001, for Conditions 3 and 4 considered separately. The RT increase for Condition 4, relative to that for Condition 3, was 131 ms for the young adults and 295 ms for the older adults.
The second interaction, the Word Frequency 3 Task Condition interaction, F(4, 72) 5 8.53, P , 0.0001, occurred because word frequency influenced RT only in Conditions 3 and 4, which involved word/nonword discrimination. The increase in RT for words in the 30-39 SFI range, relative to those in the 50-59 SFI range, was 6 ms in Condition 2, 92 ms in Condition 3, and 91 ms in Condition 4. The effect of word frequency was not significant in Condition 2, but was significant in both Conditions 3 and 4, with F(2, 36) . 16.0, P , 0.0001, in each case. The Word Frequency 3 Task Condition interaction was significant for Conditions 2 and 3 considered separately, F(2, 36) 5 18.17, P , 0.0001, but was not significant for Conditions 3 and 4.
An ANOVA was conducted on the RT data in Conditions 1 and 2, including age group as a betweensubjects variable and task condition as a withinsubjects variable. No main effect or interaction term was significant.
Error rates were low. The mean miss rate in Conditions 3 and 4 (i.e., failures to respond to a word target) did not exceed 3.25% for either age group. The mean false alarm rate in these conditions (i.e., responses to nonword targets) did not exceed 5.0% for either age group. The mean percentage of failures to respond in Conditions 1 and 2 did not exceed 1.0% for either age group.
To determine whether the age differences in the RT data were consistent with generalized slowing, we conducted a task complexity analysis (see Introduction) of the 10 pairs of mean RTs presented in Fig. 1 (Carroll et al., 1971) , a measure of the frequency of occurrence of a word in printed text. Increasing SFI corresponds to increasing word frequency. Cond, task condition; see Table 1 for a description of task conditions. slowing model, the older adults' mean RTs were related linearly to the corresponding means of the young adults. The best-fitting linear function for these 10 pairs of means was older RT 5 1.39(young RT) 2 71, r 2 5 0.97. (1) The proportional increase in the older adults' mean RT, relative to that of the young adults, was 1.08 in Condition 1 and ranged from 1.14 to 1.44 across the other nine combinations of word frequency and task condition.
Cortical Volume
The cortical volume data are presented in Table 2 . An ANOVA of these data, including age group and cerebral hemisphere as independent variables, did not yield any significant effects.
Cerebral Blood Flow
The global CBF data are also presented in Table 2 . An ANOVA including age group and hemisphere as independent variables yielded a significant main effect of only Age Group, F(1, 18) 5 16.45, P , 0.001, with the mean CBF rate of the young adults (46.42 ml/100 g/min) exceeding that of the older adults (34.95 ml/100 g/min).
The pattern of rCBF activation in the SPM5Z6 map is presented for each subtraction separately in Figs. 2, 3 , and 4. Local maxima of the areas of increased rCBF are presented in Table 3 , and the local maxima of the areas of decreased rCBF are presented in Table 4 . An area was included in the tables on the basis of the probability level of the peak height of the local maximum, regardless of the regional extent of the activation. The tables also list the coordinates of the local maxima in the standard stereotaxic space of Talairach and Tournoux (1988) , the Brodmann's area (BA) designation, and the gyral location.
In translating the Talairach and Tournoux (1988) coordinates of the local maxima to gyral locations, we noticed that the coordinates did not invariably correspond to the predicted gyral locations for our subjects. Specifically, several of the activations located low in the z dimension (i.e., inferior to the AC-PC line) would be defined as being in the cerebellum according to the Talairach and Tournoux (1988) atlas. Inspection of our PET-registered and standardized MRIs, however, indicated that, for the present subjects, the coordinates for these activations were clearly located outside of the cerebellum, in the inferior aspect of the temporal and occipital lobes. Specific gyri were not always evident in the standardized MRIs, however, as a result of the blurring associated with creating a composite image from 10 individual images. The locations listed in Tables 3 and 4 consequently represent our judgments based on both the subjects' MRIs and the Talairach and Tournoux (1988) atlas.
Condition 2 minus Condition 1. This subtraction represents the encoding of the word and nonword letter strings when the task does not require a specific decision. The rCBF activations associated with this subtraction are presented in Fig. 2 . In the analysis of the two age groups combined (Table 3) , there were significant rCBF increases in three areas, all of which were in the left hemisphere. One was a relatively extensive area of frontal cortex, with local maxima near the sulcus between the anterior cingulate and the superior frontal gyri. The other two areas of increased rCBF were more focal activations in the striate cortex and the lateral aspect of the inferior temporal gyrus. Analyses of the age differences indicated that the frontal and temporal activations were more pronounced for the young adults than for the older adults.
Relative to Condition 1, Condition 2 was also associated with several decreases in rCBF. The analysis of the two age groups combined (Table 4) yielded three significant rCBF decreases in the right hemisphere, with local maxima in the anterior thalamus, posterior cingulate, and superior frontal gyrus. A significant decrease was also present in the left insular cortex. The rCBF decrease in the right posterior cingulate, left insula, and right thalamus were significantly greater for the young adults than for the older adults, whereas the decrease in the right superior frontal gyrus was significantly greater for the older adults than for the young adults.
Condition 3 minus Condition 2. This subtraction represents the retrieval of semantic information sufficient for distinguishing words from pronounceable nonwords. The rCBF activation for this subtraction is presented in Fig. 3 . For the two age groups combined (Table 3) , there was widespread activation in the Note. L Hem, left hemisphere; R Hem, right hemisphere. Units for CBF are ml/100 g/min as obtained from the time-activity curve of the arterial blood samples. Units for Vol are cm 3 of cortex within the PET field of view as obtained from MRI.
inferior aspect of the occipital lobe bilaterally. The local maxima were near the sulcus between the lingual and the fusiform gyri in both the left and the right hemispheres, and in the inferior occipital gyrus of the right hemisphere. The age difference contrast indicated that the lingual/fusiform activation of the left hemisphere was more pronounced for young adults than for older adults.
Significant decreases in rCBF occurred in Condition 3, relative to that in Condition 2, in three regions of the left hemisphere: the superior frontal and anterior cingulate gyri and the lateral aspect of the inferior temporal gyrus (Table 4) . Analyses of the age differences indicated that all three of these rCBF decreases were more pronounced for young adults than for older adults.
Condition 4 minus Condition 3. This subtraction represents the additional encoding difficulty associated with the presence of asterisks in the target letter strings, relative to intact items, during the retrieval of semantic information. The associated rCBF activations are presented in Fig. 4 . The analysis of the two age groups combined (Table 3) yielded one significant rCBF increase, in the inferior aspect of the occipital lobe of the left hemisphere. The local maximum was near the sulcus between the lingual and the fusiform gyri, a
FIG. 2.
Areas of increased rCBF for Condition 2 relative to those for Condition 1. In Condition 2, subjects responded manually to each of a series of visually presented words and nonwords. In Condition 1, subjects responded manually to each of a series of fixation points. This subtraction represents letter encoding in the absence of a specific decision. The results are presented as SPM5Z6 voxel maps in the sagittal, coronal, and transverse planes, using the stereotaxic space of Talairach and Tournoux (1988) . The images are presented reversed from standard radiologic orientation so that the left half of the coronal image and the upper half of the transverse image correspond to the subject's left hemisphere. The rCBF increases for each age group independently, and for the two groups combined, are presented in the gray scale values. Within each age group, those voxels that differed significantly from those of the other age group are presented in the color scale values. Cortical areas of significant rCBF increase (P , 0.01 for within-groups comparisons, P , 0.0001 for between-groups comparisons) are noted in Table 3 .
FIG. 3.
Areas of increased rCBF for Condition 3, relative to those for Condition 2, presented in the same manner as in Fig. 2 . In both conditions, the stimuli were a randomized series of visually presented words and nonwords. In Condition 3, subjects responded manually to the words and refrained from responding to nonwords (lexical decision), whereas in Condition 2 subjects responded to each stimulus. This subtraction represents the retrieval of the semantic information sufficient to distinguish words from nonwords. Cortical areas of significant rCBF increase (P , 0.01 for within-groups comparisons, P , 0.0001 for between-groups comparisons) are noted in Table 3. region that was also activated significantly in the Condition 3 minus Condition 2 subtraction. This rCBF increase did not vary significantly as a function of age group, and no decrease in rCBF was significant for the Condition 4 minus Condition 3 subtraction.
DISCUSSION
Word Identification Performance
Subjects' RT data (Fig. 1) indicated that the task conditions varied in their relative demands on the different components of visual word processing. On the lexical decision trials (Conditions 3 and 4), there was a significant influence of word frequency on subjects' RT to the word targets, with RT increasing as the words decreased in familiarity. There was no effect of word frequency, in contrast, when subjects responded to the onset of each word and nonword (Condition 2), and RT in this condition did not differ from simple RT to a fixation point (Condition 1). Subjects were consequently treating the words in Condition 2 differently from those in Conditions 3 and 4. Although we cannot guarantee that subjects were unaware of the meanings of the words in Condition 2, it appears that only in Conditions 3 and 4 (which required a word/nonword discrimination) did subjects retrieve some form of semantic information. Degrading the stimuli in Condition 4, by the insertion of asterisks between adjacent letters, led to a significant increase in RT, presumably as the result of additional visual encoding demands.
The effects of visual degradation and word frequency were independent, however, in that the comparison of Conditions 3 and 4 yielded significant main effects for word frequency and task condition, but did not yield a significant Word Frequency 3 Task Condition interaction. This pattern of results is consistent with the ''multistage activation'' model of visual word identification proposed by Borowsky and Besner (1993) . In this model, visual degradation influences a relatively early processing stage (an orthographic input lexicon), and word frequency influences a later processing stage (the mapping between the orthographic lexicon and the representations of words in a semantic system).
The task complexity analysis of the mean RTs (Eq. 1) demonstrated that the older adults' task condition means were a linear function of the corresponding means of the young adults, as predicted by a generalized slowing account of age differences (Cerella, 1994; Myerson et al., 1990) . Other results in the RT analyses, however, indicated that the age effects were taskspecific to some degree. The Age Group 3 Task Condition interaction, for example, was not significant for the comparison of Conditions 2 and 3, but was significant for the comparison of Conditions 3 and 4, reflecting the relatively greater effect of visually degraded stimuli for the older adults. The word frequency variable, in contrast, did not interact with age group in any of the task conditions. This pattern replicates previous findings that, in lexical decision performance, visual degradation of the stimuli affects older adults more than young adults, whereas the two age groups respond similarly to variations in word frequency Madden, 1992) . In terms of the Borowsky and Besner (1993) multistage activation model, aging leads to a slowing of the rate of activation in the orthographic lexicon, but does not significantly influence the mapping between this lexicon and the semantic system.
FIG. 4.
Areas of increased rCBF for Condition 4, relative to those for Condition 3, presented in the same manner as in Fig. 2 . In both conditions, the stimuli were a randomized series of visually presented words and nonwords. Both conditions also required a lexical decision (word/nonword discrimination) response. In Condition 4, the stimuli were degraded by the addition of asterisks between adjacent letters (e.g., T*A*R*G*E*T), whereas in Condition 3 the stimuli were presented normally (e.g., TARGET). This subtraction represents the encoding demands of the degraded stimuli during word/nonword discrimination. Cortical areas of significant rCBF increase (P , 0.01 for within-groups comparisons, P , 0.0001 for between-groups comparisons) are noted in Table 3 . Table 1 for a description of task conditions. Region size is the number of voxels (k); P(n max . k) 5 probability that a region of k voxels or greater would have occurred by chance; Z 5 t value of local maximum of activation scaled to a unit normal distribution; P(Z max . u) 5 number of voxels of height Z or greater that would be expected by chance; x, y, z 5 coordinates in mm in the standard stereotaxic space of Talairach and Tournoux (1988) Table 1 for a description of task conditions. Region size is the number of voxels (k); P(n max . k) 5 probability that a region of k voxels or greater would have occurred by chance; Z 5 t value of local maximum of activation scaled to a unit normal distribution; P(Z max . u) 5 number of voxels of height Z or greater that would be expected by chance; x, y, z 5 coordinates in mm in the standard stereotaxic space of Talairach and Tournoux (1988) ; x 5 right/left hemisphere, negative indicates left hemisphere; y 5 anterior/posterior coordinate, negative indicates posterior to the zero point (anterior commissure); z 5 superior/inferior coordinate, negative indicates inferior to the AC-PC line; BA 5 Brodmann's area. Probability levels of less than 0.001 have been rounded to 0.001.
Cerebral Blood Flow
The analysis of the global CBF values (Table 2) confirmed previous reports of a significant age-related decline in CBF (Frackowiak et al., 1980; Martin et al., 1991) . The estimated volume of cortical gray matter for the present two age groups, however, did not differ significantly (Table 2 ). It is likely that the absence of age-related cortical atrophy reflects the extensive health screening procedures that we used in selecting subjects. The global CBF and volumetric data demonstrate that an age-related functional decline can be observed in the absence of significant cortical atrophy.
The SPM analyses suggested that, independently of the age group comparisons, identifiable patterns of rCBF change were associated with different components of word identification performance. In the passive encoding of the visual features of letter strings (Condition 2 minus Condition 1), the analysis of both age groups combined yielded three areas of significant rCBF activation in the left hemisphere ( Fig. 2 and Table 3 ). Two of these areas, the striate cortex (BA 17) and inferior temporal cortex (BA 20) are consistent with the ventral occipitotemporal pathway for identity processing discussed by Ungerleider and Mishkin (1982) and Grady et al. (1992 Grady et al. ( , 1994 . It is likely that the striate activation reflects the additional visual stimulation provided by the words and nonwords, relative to a fixation point. The inferior temporal activation is anterior and ventral to the lateral extrastriate (occipital) cortex that Petersen et al. (1990) associated with the elementary word form processing. There is anatomical evidence, however, for pathways from occipital cortex to the inferior temporal lobe (Felleman and Van Essen, 1991) , and cells in the inferior temporal cortex of the macaque respond selectively to complex patterns (Desimone et al., 1984) . This inferior temporal activation was significantly greater for young adults than for older adults. This age difference is generally consistent with the Grady et al. (1992 Grady et al. ( , 1994 finding of an age-related change in the occipitotemporal pathway during visual identification. Grady et al. (1992 Grady et al. ( , 1994 , however, reported that young adults exhibited greater activation than older adults at earlier stages of the processing pathway near striate cortex (BAs 18 and 19), whereas older adults exhibited greater activation than young adults at later stages of the pathway, in the temporal lobe (BA 37). In the present experiment, we observed an age-related decrease in rCBF activation at a relatively late point in the occipitotemporal processing pathway (BA 20) . This finding is consistent with our initial hypothesis of an age-related decline in encoding processes, but it is important to note that in the RT analysis the Age Group 3 Task Condition interaction was not significant in the comparison of Conditions 1 and 2. That is, Condition 2 did not lead to a differential increase in the older adults' RTs.
An area near the border of the anterior cingulate and superior frontal gyri was also activated in the Condition 2 minus Condition 1 subtraction. It is difficult to determine the relation of this activation to task performance. Responding to each word and nonword without making a decision (Condition 2) should not require any cognitive operations beyond those associated with responding to a fixation point (Condition 1), and RT did not change significantly across these two conditions. Subjects may have been thinking of the meanings of the words presented in this condition, but this cortical area is medial to the frontal region reported by Petersen et al. (1990) to be active during semantic processing of visually presented words. It is more likely that frontal activation in the present experiment is an instance of the ''hyperfrontal'' rCBF pattern, reflecting nonspecific thought processes, which is often observed under resting state conditions (Ingvar, 1976) . This frontal activation was significantly greater for the young adults than the older adults, which contrasts with the Grady et al. (1992 Grady et al. ( , 1994 observation that rCBF activation outside of the task-relevant processing pathway is more likely for older adults than for young adults.
Several decreases in rCBF, three in the right hemisphere (thalamus, posterior cingulate, superior frontal gyrus) and one in the left insular cortex, were also observed in the Condition 2 minus Condition 1 subtraction (Table 4 ). In view of the role of the left insular cortex in autonomic regulation (Minoshima et al., 1995) , the rCBF decrease for this region may represent the suppression of attention to autonomic processes during the cognitive task. The decreases in the right hemisphere regions do not suggest an obvious relation to task performance and may reflect a suppression of right hemisphere activity during a task that required primarily left hemisphere processing.
The Condition 3 minus Condition 2 subtraction yielded a widespread area of activation in the lingual, fusiform, and inferior occipital gyri (BAs 18 and 19; Fig.  3 and Table 3 ). Although the activation was bilateral, the local maximum with the highest SPM5Z6 value in the analysis of both age groups was in the left hemisphere. In the analysis of the two age groups independently, two of the three local maxima for each age group were in the left hemisphere. This activation is near the left medial extrastriate area that Petersen et al. (1990) associated with visual word form processing, although the present local maxima were lower in the z (superiorinferior) dimension. Tasks involving categorical judgments regarding nonverbal stimuli such as faces and line drawings of objects have also led to rCBF activation in ventral occipitotemporal cortex. The present findings suggest that the retrieval of semantic information sufficient to discriminate visually presented words from nonwords is also mediated by this pathway.
As we noted in the Introduction, the Petersen et al. (1990) results led to the expectation of rCBF activation in left inferior prefrontal cortex for the retrieval of semantic information (Condition 3 minus Condition 2). Although the young adults in the present experiment exhibited a trend toward activation in this cortical area (Fig. 3) , it was not significant. In the RT data, the significant influence of word frequency on subjects' responses in Condition 3, but not in Condition 2, demonstrates that subjects were retrieving some semantic information in performing the lexical decision task. The task in the Petersen et al. (1990) study was to read the words and nonwords silently, which may have emphasized phonological/articulatory processing of the stimuli. Frith et al. (1991) have reported rCBF activation in left dorsolateral prefrontal cortex in a verbal fluency task that required self-directed retrieval of words, and Petersen and Fiez (1993) noted that prefrontal activation may be related to the active use of semantic information. The present task, a simple word/ nonword discrimination, is semantic in the sense of relying on context-independent information (e.g., whether a particular string of letters is a permanent resident of the lexicon), but a task that requires a more complex semantic decision may be necessary to elicit activation of prefrontal cortex. The present design also limited stimulus duration by the subject's response rather than by a predetermined interval, which may have contributed to increased occipitotemporal activation in the more difficult task conditions (Price et al., 1994) .
The rCBF activation in left BA 18 was significantly greater for young adults than for older adults (Fig. 3 and Table 3 ). This age difference is consistent with the results of the Grady et al. (1992 Grady et al. ( , 1994 face matching task, but is surprising in view of the fact that the RT difference between Conditions 3 and 2 was comparable for young and older adults. Thus, the increased taskrelevant rCBF activation exhibited by the young adults does not appear to have to led to a performance advantage in terms of semantic retrieval.
Several areas of decreased rCBF were also associated with the Condition 3 minus Condition 2 subtraction (Table 4) . These areas were the same frontal and inferior temporal regions of the left hemisphere that had been activated during the encoding of letter features (Condition 2 minus Condition 1; Table 3 ). This pattern is additional evidence for the influence of different processing components across task conditions; that is, the cognitive processes that are active when a semantic judgment is not required (Condition 2) may need to be suppressed during the lexical decision task (Condition 3). As was the case for the left BA 18 activation associated with this subtraction, the rCBF decreases were significantly greater for young adults than for older adults, but in the absence of a corresponding RT difference the functional implication is not apparent.
The analysis of the combined subjects' rCBF data for the Condition 4 minus Condition 3 subtraction yielded a significant local maximum in BA 18 of the left hemisphere. This result demonstrates that increasing the encoding demands of visual word identification, in this case by inserting asterisks between adjacent letters, requires additional processing mediated by the ventral occipitotemporal pathway. The RT data indicated that this additional encoding demand differentially slowed the older adults' responses. We were not able to detect a corresponding age difference, however, in the rCBF analyses of the Condition 4 minus Condition 3 subtraction. Contrary to our initial hypothesis, the age-related slowing of encoding processes in the present task was not accompanied by a significant age difference in rCBF activation.
CONCLUSION
The pattern of age differences in the RT data for the lexical decision task was consistent with previous findings (Madden, 1992) . Although a generalized agerelated slowing of performance was evident, comparison of specific task conditions indicated that the agerelated decline was more pronounced for the activation of an orthographic input lexicon (i.e., encoding) than for the retrieval of semantic information. The PET rCBF data acquired concurrently with the lexical decision task demonstrated that different components of visual word identification were associated with specific changes in rCBF. The retrieval of semantic information sufficient to distinguish words from pronounceable nonwords was associated with rCBF activation in ventral occipitotemporal cortex (BAs 18 and 19), primarily in the left hemisphere. The activations associated with letter encoding processes occurred within other regions of this pathway (BAs 17 and 20) and in frontal cortex (BAs 32 and 10).
Several of the rCBF activations were significantly greater for young adults than for older adults, consistent with an age-related decline in processing efficiency in the ventral occipitotemporal pathway (Grady et al., 1992 (Grady et al., , 1994 . The pattern of age differences in rCBF activation, however, did not support our initial hypothesis that an age-related decline would be more clearly evident in encoding processes than in semantic retrieval processes. Thus, under the present task conditions (which included a high level of performance accuracy by both age groups), age-related changes in RT could not be attributed to specific rCBF changes. Design variables such as stimulus presentation rate and response modality are important determinants of rCBF activation (Price et al., 1994) . Age differences in rCBF may correspond more closely to age differences in performance data when these variables are modified to selectively increase either the encoding or the semantic retrieval demands of the task.
